New thermal barrier coating (TBC) materials and microstructures are under development to increase gas turbine operating temperatures beyond the ~1200°C threshold of standard 7 wt. % yttria stabilized zirconia (7YSZ). To deposit these advanced coatings, a new thermal spray deposition technique is used: Plasma Spray -Physical Vapor Deposition (PS-PVD). PS-PVD is capable of depositing from the vapor phase to yield strain tolerant columnar microstructures similar to Electron Beam -Physical Vapor Deposition (EB-PVD) or, alternatively, the traditional splat-like lamellar microstructure common to Air Plasma Spray (APS). This study investigates the process-structure relationships and resulting erosion response for plasma gas flow, amperage, and feed rate. It was found that in the selected design space, porosity and surface roughness vary © 2016. This manuscript version is made available under the Elsevier user license http://www.elsevier.com/open-access/userlicense/1.0/ from ~12-26% and ~5-10 µm, respectively. Erosion behavior is discussed and the mechanism is identified to be heavily dependent upon the intercolumnar spacing. The lowest erosion rates are similar to EB-PVD, while the highest erosion rates were closer to APS. This is attributed to the hybrid nature of the PS-PVD process and provides an opportunity to tailor coatings with a wide range of properties, and thus performance.
Introduction
Thermal barrier coatings (TBCs) are utilized in gas turbines to protect the engine components from the high temperatures and oxidizing environment generated by the combustion process. As engine conditions have changed, TBCs have evolved from a simple protective outer layer to a specially designed multifunctional coating system where bond coats are tailored to substrates and topcoats are deposited for a given application environment (low thermal conductivity, low erosion, calcium-magnesium-alumino-silicate (CMAS) resistance, etc.). The TBC system is comprised of four parts: the nickel-based superalloy engine component or substrate, a metallic 'bond coat', the thermally grown oxide scale (α-Al 2 O 3 ) which forms on the bond coat, and finally, the ceramic topcoat. In this study, we have focused on the insulating topcoat, traditionally composed of 7 wt. % yttria stabilized zirconia (7YSZ). In the t' phase, 7YSZ exhibits a low bulk thermal conductivity (~2.5 W/m*K [1, 2] ) and sintering rate while possessing a relatively high fracture toughness (2-4 MPa*m 1/2 ) due to its ferroelastic behavior [3] . Unfortunately, it suffers from phase instability when experiencing temperatures above ~1200°C for prolonged periods [4] so replacement materials are needed for increased turbine inlet temperatures. Above this temperature, the material undergoes an equilibrium transition from the metastable t' phase to the equilibrium cubic and tetragonal phases, the latter of which undergoes a martensitic transformation to the much larger (~5%) monoclinic phase upon cooling, often resulting in spallation [5] . Additionally, above this temperature ingested dust, sand, fly ash, and volcanic ash, generally referred to as CMAS, can melt and infiltrate the TBC resulting in chemical attack and loss of strain tolerance [6] [7] [8] [9] [10] . Due to the aforementioned issues, new materials are under development which exhibit lower thermal conductivities, higher thermal stability, and improved CMAS resistance. This includes the rare earth (RE) pyrochlore zirconates (RE 2 Zr 2 O 7 ) [1, 2, [11] [12] [13] [14] which exhibit very low bulk thermal conductivities (~1.2 W/m*K) [2, 11] , high thermal stability limits (La 2 Zr 2 O 7 pyrochlore phase is stable to ~2300°C), and a significantly improved resistance to CMAS degradation [15, 16] when compared to 7YSZ.
However, the pyrochlore zirconates, along with many other new TBC materials, possess a low fracture toughness (1 MPa*m 1/2 ) [17] which results in poor durability both in terms of thermal cyclic life and erosion resistance [12] . This poor durability can be a limiting factor for utilization of these coating materials and thus for the improvement of gas turbine engine efficiencies.
One method of improving coating durability is through microstructural modification. For instance, the characteristic columnar microstructure of Electron Beam -Physical Vapor Deposition (EB-PVD) typically offers an order of magnitude improvement in erosion durability compared to a standard lamellar Air Plasma Spray (APS) coating [18] . Recent work has investigated methods to improve the durability of APS coatings via dense vertical cracking and deposition from small particle suspensions or precursor solutions [19, 20] . The common factor in each of these methods is the formation of a vertically oriented porosity that inhibits lateral cracking and promotes strain tolerance, yielding erosion rates approaching EB-PVD.
Additionally, composite structures have been shown to increase the erosion durability of cubic phase EB-PVD [12] and APS [21] coatings. This study investigates the process-structure-property relations in a new hybrid process, Plasma Spray -Physical Vapor Deposition (PS-PVD). This process is very similar to standard APS or Low Pressure Plasma Spray (LPPS) methods, with the primary difference being that the pressure during deposition is in the range of 1x10 2 Pa compared to 1x10 6 Pa for APS and 8x10 4 Pa for LPPS. This facilitates vaporization of the molten particles [19, [22] [23] [24] . Tailoring the degree of vaporization enables deposition of splatlike lamellar morphologies at high feed rates to pseudo-columnar morphologies at (generally) low feed rates and high powers [23] . This study investigates the interplay of processing parameters with coating microstructures and the subsequent effects on erosion durability with discussion on the erosion mechanism itself.
2.0
Experimental Procedure The cross sections used for image analysis were cropped to a minimum area of 75 µm thick by removing the highest area of the bond coat and the lowest area of the coating surface, therefore preventing bias due to surface porosity and the dense bond coat. During thresholding, 'blurring' of the edges of the intercolumnar particles as well as the columns can overestimate porosity. In order to minimize this bias, each image was thresholded at two levels and averaged over five image locations for each sample to estimate the porosity with the standard deviations reported.
Room temperature erosion was performed on the TBCs at Penn State University and has been described in detail previously [12, 13, 26] . Briefly, Al 2 O 3 media with a mean particle size of 50 µm was used as the erodent and accelerated to a velocity of 100 m/s through a 38.1 cm long by 1.27 cm diameter stainless steel tube at a feed rate of 2 g/min via a vibratory feeder. The source to substrate distance was 22.9 cm and an at an impingement angle of 90° while the specimen surface was masked with a 1.27 cm diameter opening to produce an erosion scare of well-defined geometry. Specimen mass was measured prior to erosion and after every five grams of erodent fed using a scale with precision of 0.01 mg. Steady state erosion rates were determined by plotting the coating mass loss vs. mass erodent exposure after each five gram dose for a total of 50 grams of erodent and fitting a linear trend through the last five data points.
Initial rates were calculated from the weight loss after the first five gram dose of erodent. It is important to note that most tests show a relatively high erosion rate initially that slowly decreases to a steady state value after several exposures. This steady state value is the number which is most characteristic of the TBC. Though these tests were performed at room temperature, high temperature erosion testing is also becoming more common [27] and will be considered for future work.
Results

Coating Morphology
All of the PS-PVD coatings exhibited a pseudo-columnar morphology, as observed in Figure 1 ). This is due to columns that are nucleating and branching into/out of the plane of the cross section.
Erosion Rates
An exemplary mass loss vs. mass erodent exposure plot is provided for the intermediate condition (100 NLPM, 1700 A, 6.6 g/min) as well as typical APS and EB-PVD samples in comparable. This is plausible as deposition rate increases with gas flow, thus reducing adatom mobility, and substrate temperature increases with gas flow, (100 °C for our conditions) thus increasing adatom mobility.
For increasing amperages, a decrease was observed in the erosion rate as shown in Figure   4 Figure 5b. In this case, the erosion rate started at 0.13 g/kg and decreased to 0.09 g/kg. Again, the deposition rate increased with amperage while the porosity values were relatively close (within standard deviations). The increased current causes a substantial 17% increase in power and thus the degree of vaporization which nearly doubles the deposition rate. This is a more drastic change in the vaporization, and thus a more significant impact on the deposition rate than when increasing gas flows. The large difference in deposition rate and plasma conditions results in the surface roughness showing a decreasing trend with amperage with a total change from 7.99 ± 0.43 to 5.55 ± 0.18 µm.
In Figure 4 is currently believed from observations of thicker coatings of similar conditions that the morphology does not significantly change with thickness beyond ~75 µm, however this will be confirmed in future studies. It is plausible that a non-linear relationship may exist between feed rate and erosion rate due to changes in deposition modes with feed rate, which is a phenomena that has been shown by Mauer et al. [23] . From the SEM images in Figure 1 , the morphology appears to be primarily in the cluster/vapor/particle regime, however, the fraction of each of those constituents may change enough to cause non-linear erosion behavior as a function of feed rate. As expected, the deposition rate increased significantly with feed rate. Porosity decreased initially and showed minimal changes from intermediate to high feed rate conditions while surface roughness showed a similar trend to the erosion with an initial decrease to a minimum and then a slight increase. Additional conditions were investigated to understand the effects of depositing at combinations of low and high values of processing conditions. The two most extreme erosion rates from conditions C1 and C2 have been included in this study to enable a deeper understanding of the erosion mechanism by having a larger breadth of the erosion response. C1 (88 NLPM, 1641 Amps, 4.2 g/min) exhibited a very low erosion rate of 0.068 g/kg and C2 (112 NLPM, 1641 Amps, 9.0 g/min) exhibited a relatively high erosion rate of 0.5 g/kg.
Discussion
Process-Structure-Property Relations
Several clear relationships between the processing variables and the room temperature erosion rates (property) have been discussed, however, the structural linkage to form processstructure-property relationships is not always as clear. For example, with EB-PVD the deposition rate is often linked to the structure where higher deposition rates yield smaller and more fractionated columns. In this work, the deposition rate does not appear to correlate with the erosion rate which indicates a complex relationship between deposition rate and microstructure that is likely tied to slight changes in deposition mode. To better understand the relationship between erosion and microstructural changes, the coatings were quantitatively assessed in terms of surface roughness. In the case of amperage and feed rate, the surface roughness appears to correlate with erosion rate where lower erosion rates occur for lower surface roughness values and vice versa. Intuitively, a larger surface roughness should yield a higher erosion rate, as there are more asperities which can be quickly worn down. This is especially true in columnar coatings, where a larger surface roughness indicates higher amounts of surface porosity and thus reduced mechanical stability. Likewise, a coating with a lower surface roughness presents fewer asperities and an increased apparent density, and therefore a more robust mechanical response.
The relationship between surface roughness and erosion rate breaks down in the case of gas flow,
where the surface roughness remained relatively stable while the erosion rates increased. This is likely a result of the surface not necessarily characterizing the bulk of the coating, where the steady state measurement is taken.
In Figure 5 Figure 6 , the surface roughness is plotted against the initial erosion rate (the slope of mass loss/kg fed after the first increment). The initial erosion rates are much higher than the steady state rates and correlate very well to the surface roughness. The linear fit confirms the relationship between surface roughness and erosion, and the magnitude of the initial erosion rates confirms the understanding that the roughness (and therefore porosity) at the surface causes increases in the erosion rate with respect to steady state. In addition, the same behavior is observed for the EB-PVD coating where the initial rate (calculated to be 0.24 g/kg) is roughly 3X higher than the steady state rate. This difference is less than the 9X change for the PS-PVD coating, which makes sense given the lower surface roughness of EB-PVD (2-4 µm) compared to PS-PVD (6.9 µm for this sample). On the other hand, the APS sample only has a minor change from its initial erosion rate (calculated to be 1.485 g/kg) since the coating fails in a different manner. The fact that steady state erosion rates as a function of gas flow do not trend with surface roughness may therefore suggest a change in microstructure between the bulk of the coating where the steady state measurement is taken, and the surface of the coating where the initial measurement is made.
The porosity measurements minimized incorporation of surface porosity and so were expected to be a good representation of the bulk of the coating yet there were no obvious trends between measured porosity and erosion rate. This is surprising, as porosity clearly affects mechanical properties and therefore should affect the erosion rate. In the case of columnar coatings this relationship is not always the case as the column size can change while the porosity can remain unchanged and vice-versa. For example, column width can be reduced by half while intercolumnar porosity remains constant due to a concomitant change in intercolumnar spacing.
Column width is an important factor in the erosion of EB-PVD coatings as increasing column width was simulated to cause increases in erosion rates [28] . To the authors' knowledge the literature presents no effective way to measure these column characteristics and therefore, as a first attempt, the average PS-PVD column width was measured manually using SEM images at a location 75 µm from the substrate. Unfortunately, it was found to be very difficult with standard deviations that effectively encompassed most of the results, as seen in the last column of Table 1 .
Though we cannot compare the column widths at each of the conditions, we can still derive useful information from these results. The overall 15-20 µm column widths in PS-PVD are significantly larger than those in EB-PVD which are typically 4-10 µm. Additionally, the magnitude of the variability indicates non uniformity of the coating morphology where a large standard deviation in column size results in a non-uniform mechanical response due to variations in local stresses and column stiffness and bending. Another factor which could have an effect is the magnitude and changes in intra-columnar porosity; i.e. porosity which is contained within the columns. It should be noted that high resolution (<1 µm voxel) X-ray computed tomography could potentially enable much more quantitative microstructural characterization and help alleviate many of the challenges mentioned. Mechanical property measurements should correlate to the erosion response and enable a stronger linkage to the processing variables, however, good indentation data has been difficult to acquire for these microstructures.
Preliminary measurements of the modulus of these coatings via dynamic mechanical analysis at NASA Glenn have yielded in-plane moduli values of 26-30 GPa, in line with that of EB-PVD at 28 GPa from Johnson et al. [29] . This suggests the coatings will have good thermal cyclic lives.
Characterization of the mechanical properties and thermal cyclic lives of these coatings will be the subject of a future publication.
Erosion Mechanism
To understand the erosion mechanism for PS-PVD it is first helpful to examine what is known for EB-PVD and APS erosion as these mechanisms have been heavily covered in the literature [18, 28, [30] [31] [32] [33] [34] while erosion of PS-PVD has seen minimal investigation [20, 35] . The velocities and particle sizes used in this study fit into the Mode I regime as described by
Wellman et al. [30] where lateral cracking is the primary damage mechanism. In APS coatings, the large flaw population of splat boundaries, microcracks, and pores all serve as stress However, in this densified region, relative flaw size is much smaller than APS (~5µm vs. 20+ µm). Additionally, EB-PVD coatings possess a lower flaw population than APS coatings, so it takes more successive impacts (time) to link the cracks than in the heavily flawed APS coatings.
This leads to smaller volumes or material being removed, and a slower rate. The result is that APS coatings typically exhibit a 10x higher erosion rate compared to the same material deposited via EB-PVD.
In the PS-PVD coatings deposited in this study, the microstructures are similar to EB-PVD yet the erosion mechanism differs. This suggests that in this type of microstructure, large columns may be favorable. This could be explained by considering an impacting particle of a given force which results in a stress wave.
The wider columns would potentially spread the force over a larger area yielding a lower stress.
Another explanation could be that the wider columns have a smaller aspect ratio and are stiffer which results in a smaller bending moment. For the high erosion rate sample C2 (0.5 g/kg), the microstructure exhibits high porosity and regions of large intercolumnar spacing. This leads to local regions of severe erosion forming 'divots' in the surface, as observed in Figure 7 
Conclusion
This study investigated process-structure relationships and the resulting erosion rates for PS-PVD thermal barrier coatings composed of a rare earth doped t' Low-k zirconia material.
The resulting coatings were all t' phase and exhibited a pseudo-columnar microstructure, similar to EB-PVD deposited coatings. The hybrid nature of the deposition technique is exhibited by the erosion rates which span nearly an order of magnitude range using the same feedstock with the highest rate still superior to a standard APS coating and the lowest rate marginally better than an EB-PVD coating. It is clear that more work must be done focusing on developing methods which accurately measure microstructural features with the precision necessary for quantitative process-structure relationships. This is particularly the case for determining coating porosity and column widths/intercolumnar spacing. One method that does show promise is the application of optical profilometry to measure the surface roughness. It was found that surface roughness strongly correlates to initial erosion rates for all conditions explored, however for steady state erosion the surface roughness did not correlate for all conditions.
The erosion mechanism has been identified and has similarities with both EB-PVD and APS. For low erosion rate coatings, a densification and lateral cracking mechanism was observed, similar to EB-PVD coatings, with the exception that column sizes are significantly larger in PS-PVD and thus can be more resistant to fracture. For the high erosion rate coatings, intercolumnar gaps and pores serve as the primary flaws and are quickly eroded away; therefore coatings with larger gaps and pores have higher erosion rates and large pieces of material removed, similar to APS. Although the coatings all exhibited a vapor deposited pseudocolumnar structure, the erosion behavior was related to the flaw size which varies from EB-PVD-like to APS-like, depending on the size of the intercolumnar gaps and pores. The ability to span this large region enables this process to deposit coatings tailored for particular applications which may not be possible in a standard EB-PVD or APS process.
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Figure 4:
Erosion plot for a PS-PVD coating deposited under the 100 NLPM, 1700 A, 6.6 g/min feed rate intermediate conditions, along with a standard EB-PVD and APS for reference. All PS-PVD coatings in this study exhibited a similar trend of an high initial erosion rate (0.9 g/kg for this condition) which decreases to reach a steady state rate (0.112 g/kg for this condition). 
Figure 6:
Plot of initial erosion rate (g/kg) vs. surface roughness (µm) for the samples from this study. The initial erosion rate appears to correlate well with the surface roughness. This is most likely due to higher roughness surfaces yielding more surface area to impact and enabling break off events of areas that protrude from the surface. 
